Root-knot nematodes [Meloidogyne incognita (Kofoid & White) Chitwood, M. arenaria (Neal) Chitwood, M. javanica (Treub) Chitwood, and M. hapla Chitwood] are major limiting factors to pepper production in the United States (19, 28, 29, 30, 31) . Although bell peppers (Capsicum annuum L.) account for most of the pepper production in the United States, both Scotch Bonnet and Habanero peppers (C. chinense Jacq.) are becoming increasingly popular with consumers. Currently, methyl bromide and other nematicides are used to control root-knot nematodes in both bell and hot pepper in the United States. Nevertheless, the pending ban of methyl bromide in the United States and the potential loss of other nematicides from the market (due to environmental concerns and high costs of pesticide re-registration) have focused significant interest on host resistance as an alternative to fumigant and non-fumigant nematicides for managing root-knot nematodes in peppers.
Root-knot nematodes [Meloidogyne incognita (Kofoid & White) Chitwood, M. arenaria (Neal) Chitwood, M. javanica (Treub) Chitwood, and M. hapla Chitwood] are major limiting factors to pepper production in the United States (19, 28, 29, 30, 31) . Although bell peppers (Capsicum annuum L.) account for most of the pepper production in the United States, both Scotch Bonnet and Habanero peppers (C. chinense Jacq.) are becoming increasingly popular with consumers. Currently, methyl bromide and other nematicides are used to control root-knot nematodes in both bell and hot pepper in the United States. Nevertheless, the pending ban of methyl bromide in the United States and the potential loss of other nematicides from the market (due to environmental concerns and high costs of pesticide re-registration) have focused significant interest on host resistance as an alternative to fumigant and non-fumigant nematicides for managing root-knot nematodes in peppers.
A limited number of pepper cultivars are resistant to Meloidogyne species and most of these belong to C. annuum. Martin (20) first identified resistance to root-knot nematodes in a pungent accession of C.
annuum, which lead to the development and release of Carolina Hot, a cayenne pepper with resistance to root-knot nematodes (unidentified Meloidogyne spp.) (21) . Hare (13, 14) identified resistance to M. incognita, M. javanica, and M. arenaria (races not specified) in Santanka xS and 405B Mexico, and later developed the M. incognita-resistant pimiento-type cultivar, Mississippi Nemaheart (15) . Fery et al. (8) developed and released Carolina Cayenne, selected from a population of Carolina Hot that was segregating for several traits, including resistance to M. incognita. Carolina Cayenne is resistant to M. incognita races 1, 2, 3, and 4, M. arenaria races 1 and 2, and M. javanica (23, 27, 32) . Charleston Belle and Carolina Wonder, the first two bell peppers with resistance to M. incognita, were developed and released by USDA, ARS, Charleston, SC, in 1997 (9) . Charleston Belle and Carolina Wonder are also resistant to M. arenaria races 1 and 2 and M. javanica, but not M. hapla (27 (9) that is also resistant to M. arenaria races 1 and 2, and M. javanica (27) . It is homozygous for the N gene that confers resistance to M. arenaria races 1 and 2, M. incognita, and M. javanica (9, 27) . Carolina Cayenne is resistant to M. arenaria races 1 and 2, M. incognita, and M. javanica, and its resistance is conferred by the N gene and an additional recessive gene (7, 23, 27) . California Wonder is a bell pepper that is susceptible to M. arenaria races 1 and 2, M. incognita, M. javanica, and M. hapla (11, 27) . PA-353, PA-398, and PA-426 are Scotch Bonnet-type (C. chinense) cultigens that are resistant to M. incognita (10, 12) . Resistance of PA-426 to M. incognita is conditioned by a single dominant gene which is allelic to the N gene (11) . PA-350 is a habanero-type (C. chinense) cultigen that is susceptible to M. incognita (10, 12) .
Experimental design and data analysis. All seven pepper genotypes were evaluated in eight separate experiments for reactions to M. arenaria races 1 and 2, M. hapla, and M. javanica. The experimental design for all experiments was a randomized complete block with six replicates (except for the second test with M. javanica which had four replicates). Each replicate consisted of five plants of each genotype.
Nematode egg data were log 10 (x + 1) transformed to normalize the data before analysis (22) . Data were analyzed using the GLM procedure of SAS for Windows System Version 6.12 (SAS Institute, Cary, NC) and means were separated using Duncan's multiple range test. Differences reported in the text were significant at the P < 0.05 level.
Greenhouse experiments. Seven experiments were conducted in the greenhouse: one with M. hapla and two each with M. arenaria race 1, M. arenaria race 2, and M. javanica. Seeds of each pepper genotype were germinated in flats containing Metro-Mix 360 (Scotts, Marysville, OH) in the greenhouse. Three to 4 weeks later, seedlings were transplanted into a 4.0 × 1.8 × 0.25 m greenhouse bench containing a steam-pasteurized medium of two parts sandy loam soil to one part fine washed river sand (vol/vol). A 10 × 10-cm rectangular planting pattern was used. At planting, 5 ml tap water containing approximately 3,000 eggs of the appropriate Meloidogyne spp. and race were pipetted around the base of each plant. Day/night greenhouse temperatures were maintained at 26 + 3ºC for all experiments. Eight to 11 weeks later, the root system of each plant was removed from the growing medium, washed, and rated for severity of root galling and egg mass production using a 1 to 5 scale: 1 = 0% to 3% root system galled or covered with egg masses, 2 = 4% to 25%, 3 = 26% to 50%, 4 = 51% to 80%, and 5 = > 80% root system galled or covered with egg masses (29) . Root gall and egg mass indices > 3 were considered susceptible reactions. The fibrous roots were clipped from the tap root, cut into 1 to 2-cm pieces, and root weights recorded. Eggs were extracted from the entire fibrous root sample using 1.0% NaOCl (18) and counted using a stereomicroscope. A nematode reproduction factor (R) was calculated where R = P f /P i , with P i = the initial inoculum level and P f = the final population level (25, 26) .
Growth-chamber experiment. One experiment with M. hapla was conducted in the growth chamber. Seedlings were germinated and grown in the greenhouse as previously
2 ·s -1 during the light cycle. Eight weeks after inoculation, the roots were removed from the soil, washed, rated for severity of root galling and egg mass production, and eggs extracted and counted as previously described.
RESULTS AND DISCUSSION
The Scotch Bonnet-type C. chinense cultigens PA-353, PA-398, and PA-426 exhibited resistance to M. arenaria race 1 (Table 1 ). The habanero-type C. chinense cultigen PA-350, however, was highly susceptible to M. arenaria race 1 (Table 1) . PA-353, PA-398, and PA-426 exhibited minimal root galling (gall index = 1.05, 1.15, and 1.02, respectively, average of two tests) in contrast to PA-350, which exhibited severe root galling (gall index = 4.72, average of two tests) (Table 1) . PA-353, PA-398, and PA-426 had 99.3%, 96.4%, and 99.3%, respectively, fewer eggs per gram fresh root than PA-350 (average of two tests). The M. incognita-resistant C. annuum controls 'Charleston Belle' and 'Carolina Cayenne' exhibited high resistance to M. arenaria race 1, but the M. incognita-susceptible 'California Wonder' was moderately susceptible to M. arenaria race 1. These results were consistent with those of earlier studies where both 'Charleston Belle' and 'Carolina Cayenne' exhibited high resistance to M. arenaria race 1 and 'California Wonder' was susceptible (27) . Previous reports of resistance to M. arenaria in C. chinense include Surrinam-B (3), breeding lines 201 and 558-17-C (5), and breeding line 56-547/7 (6).
M. arenaria race 2 was not highly pathogenic to any of the C. chinense cultigens. PA-353, PA-398, and PA-426 exhibited high resistance to M. arenaria race 2, and PA-350 exhibited moderately high resistance (Table 1) . There was no visible galling on the roots of PA-353, PA-398, or PA-426 (gall index = 1.00, average of two tests). However, minimal galling occurred on the roots of PA-350 (gall index = 1.61, average of two tests). PA-353, PA-398, and PA-426 had 96.6, 98.6, and 99.1%, respectively, fewer eggs per gram fresh root than PA-350 (average of two tests). The controls, Charleston Belle and Carolina Cayenne, exhibited little or no root galling (gall index = 1.00 and 1.03, respectively, average of two tests), but California Wonder exhibited moderate galling (gall index = 2.31, average of two tests). The controls, Charleston Belle and Carolina Cayenne, had 99.7 and 98.7% fewer eggs per gram fresh root than California Wonder. These results confirm those of previous reports where root gall severity and reproduction of M. arenaria race 2 were significantly greater for California Wonder than for Charleston Belle and Carolina Cayenne (27) .
M. javanica was not highly pathogenic to any of the C. chinense cultigens (Table  1) (27) .
M. hapla was pathogenic to all four C. chinense cultigens (Table 1) . Gall indices ranged from 1.88 to 3.68 (average of two tests). The three M. incognita-resistant cultigens (PA-353, PA-398, and PA-426) exhibited less galling (gall index = 2.02, 1.88, and 2.12, respectively, average of two tests) than the M. incognita-susceptible PA-350 (gall index = 3.68). PA-353, PA-398, and PA-426 had 79.4%, 88.1%, and 82.9%, respectively, fewer eggs per gram fresh root than PA-350 (average of two tests). The three C. annuum controls were also susceptible to M. hapla. The M. incognita-resistant Charleston Belle and Carolina Cayenne, however, exhibited less galling (gall index = 2.79 and 2.71, respectively, average of two tests) than the M. incognita-susceptible California Wonder (gall index = 4.07, average of two tests). Likewise, Charleston Belle and Carolina Cayenne had 67.2 and 55.2% fewer eggs per gram fresh root, respectively (average of two tests), than California Wonder. These results confirm a previous report that the N gene does not confer resistance to M. hapla in C. annuum (27) . The galling response of the C. chinense cultigens to M. hapla was approximately 1.5 to 2.5× greater for the growthchamber test than for the greenhouse test. Similarly, numbers of eggs per gram fresh root were approximately 1.5 to 2.3× greater for plants in the growth-chamber experiment compared to the greenhouse experiment. The constant day/night temperature of 26ºC in the growth-chamber experiment may have resulted in greater host plant susceptibility and increased rates of nematode development and reproduction than in the fluctuating ambient temperatures in the greenhouse. We also observed increased reproduction of M. arenaria race 2 on C. annuum cultivars grown in the growth chamber compared to the greenhouse in previous experiments (27) .
It is likely that the gene that confers resistance to M. incognita in the C. chinense cultigens PA-353, PA-398, and PA-426 also confers resistance to M. arenaria races 1 and 2 and to M. javanica. These three cultigens will be useful sources of resistance for the development of habanero cultivars resistant to M. incognita, M. arenaria, and M. javanica. They will also be useful for developing vegetable cropping schemes to manage M. incognita, M. arenaria, and M. javanica, especially when more than one of these Meloidogyne spp. occurs in a field.
ACKNOWLEDGMENTS
This work was supported, in part, by the . v Rated on a scale of 1 to 5: 1 = 0 to 3% root system galled or covered with egg masses, 2 = 4 to 25%, 3 = 26 to 50%, 4 = 51 to 8 0%, and 5 = > 80%. w Reproductive index = Pf (final population)/Pi (initial inoculum). x Values in a column within tests followed by the same letter are not different (P < 0.05) according to Duncan's multiple range test. y Data were log 10 (x + 1) transformed before analysis. Untransformed data are shown. z R = resistant; S = susceptible.
